Abstract-The energy consumption of information and communication technology (ICT) industry has become a serious problem, which mostly comes from the network infrastructure, rather than the mobile terminals. In this paper, we consider densely deployed cellular networks where the coverage of base stations (BSs) overlaps and the traffic intensity varies over time and space. An energy saving algorithm is proposed by dynamically adjusting the working modes (active or sleeping) of BSs according to the traffic variation with respect to certain blocking probability requirement. In addition, to prevent frequent mode switching, BSs are set to hold their current working modes for at least a given interval. Simulations demonstrate that the proposed strategy can greatly reduce energy consumption with blocking probability guarantee, and the performance is insensitive to the mode holding time within certain range.
I. INTRODUCTION
The continuously growing demand for ubiquitous information access leads to the rapid development of information and communication technology (ICT) industry, which has become one of the leading sources of world energy consumption and is expected to grow dramatically in the future [1] . In cellular access networks, due to the scarcity of spectrum resources and the high demand of bandwidth, base stations (BSs) need to be densely deployed. As a result, the energy consumption of BSs becomes a major portion of the whole network energy consumption.
So far, there have been many attempts to reduce the energy consumption of BSs by designing energy-efficient hardware. On the other hand, energy consumption can also be reduced by intelligent management of network elements, which is the focus of our work. In fact, in densely deployed networks, the number of users associated with each BS is small, which leads to higher traffic dynamics among BSs [2] . Therefore, some BSs can be switched off when the traffic load in their coverage is low, which can reduce the energy consumption dramatically.
To design efficient BS energy saving schemes, some issues must be considered. When BSs are turned off, radio coverage and service quality must still be guaranteed. As BSs are densely deployed, by slightly increasing BS transmit power, the resident users in the coverage of the sleeping BSs are served by the neighboring active BSs. Second, BS mode switching decision cannot be made by each BS individually. Not only the load condition of a BS itself, but also the load of its neighbors needs to be considered. For this reason, each BS should make its mode switching decision via cooperation with neighboring BSs. Third, taking signaling overhead, device lifetime and working stability into account, frequent BS mode switching should be avoided.
In this paper, the BS energy saving problem is studied with the object of minimizing the energy consumption of the whole network by switching off some BSs when their traffic load is low, with respect to certain call blocking probability constraint. We address the aforementioned design issues, and propose a traffic-aware BS sleeping algorithm to decide BSs' working modes according to estimated blocking probability in certain range of interests. Also, a minimum mode holding time is introduced to avoid frequent BS mode switching.
II. SYSTEM MODEL AND PROBLEM FORMULATION
Consider a densely deployed cellular network shown in Fig.  1 , where the coverage regions of neighboring cells overlap. Assume that BSs can work in two modes: active mode with power P max i and sleeping mode with power P min i . The traffic intensity is asymmetrically distributed among cells and follows a Poisson process. Only pathloss fading is considered in channel model and interference is assumed well managed. The BS energy saving problem has been formulated mathematically in our previous work [3] . In this work, more practical settings are considered, and the sleeping scheme is designed in a more systematic way. We aim to minimize the consumption of BSs with respect to certain blocking probability constraint, and at the same time avoid frequent mode switching.
III. PROPOSED BS SLEEPING SCHEME
The proposed heuristic algorithm first considers to guarantee a tolerable blocking probability. The whole network is divided into some disjoint areas called responsible region (shown in Fig. 1) , defined as the area where the users can only associate to BS (i 0 ) and its neighbors (i 1 to i 3 ). The blocking probability of the system is guaranteed if that of every responsible region P i is below the given target.
Besides, frequent BS mode switching should be prevented. Define BS's mode holding time as the time interval in which the BS keeps its current mode. A minimum mode holding time T s should be guaranteed.
The scheme is briefly presented as follows. BSs are ranked based on the traffic load and are examined from the top one with maximum load value. Mode switching from sleeping to active and the reverse are described respectively.
1) Sleeping-to-active: P i of the sleeping BS i that satisfy the minimum mode holding time requirement is calculated according to the traffic load of its neighbors. If P i exceed some given threshold, it is activated.
2) Active-to-sleeping: P i of the active BS i is similarly calculated by including the traffic of itself. If P i is less than the given threshold, handover issue should be considered. Only when BS i's current users can be served by its active neighbors altogether, it can turn to sleeping mode after handover.
The algorithm operates timely according to the traffic intensity and the blocking events. After the process, the system provides services through the updated set of active BSs.
IV. SIMULATION STUDY
Simulations are performed to test the behavior of the proposed BS sleeping scheme. The simulation layout is 10 by 10 hexagon cells with wrap up to avoid boundary effect. The cell radius R = 200m. Assume each BS can extend its coverage to at most 400m radius. We set P max i = 1 and P min i = 0 for each BS i. The link parameter is set according to ITU microcell test environment. Average traffic intensity varies as shown in Fig. 2 . Call duration is exponentially distributed with mean 1/µ = 180s. 3 hotspots are generated and move slowly. New call arrives in each hotspot with probability 5% respectively and the others are uniformly placed in the whole area.
BS mode switching behavior along with the average traffic intensity is presented in Fig. 2 . It is shown that our proposed dynamic algorithm tracks the variation of the average traffic intensity well despite of some fluctuation. It may result from the randomness of traffic and the movement of hotspots. Fig.  3 shows that the blocking probability is maintained below a target (1%) almost all the time. Note that for larger T s , the target blocking probability over time may not be guaranteed. Time (h) Blocking probability (%) Fig. 3 . System blocking probability versus time. Ts = 1h. Fig . 4 shows the cumulative distribution function (CDF) of BS mode holding time. Without the limitation of minimum mode holding time, more than 40% of BSs' measured mode holding time is less than 1 hour. This result explains the necessity of minimum mode holding time. In Fig. 5 , the impact of T s on the energy saving performance is presented. With the increase of T s in some range, the average energy consumption changes little. At the same time, the average blocking probability is still below the target, although there is some slight increase. It is seen that the performance is insensitive to the minimum mode holding time within certain range (at least from 0 to 4 hours).
V. CONCLUSION
In this paper, a traffic-aware BS sleeping algorithm has been proposed to dynamically shut off or wake up BSs. With our strategy, network energy consumption is greatly reduced at low traffic load regime. The number of BSs in active mode well matches the variation of the network traffic in time and space domain, while at the same time, a pre-defined minimum mode holding time within some range is guaranteed without noticeable performance degradation. Motivated by the fact that the algorithm is based on the estimated traffic, our future work will include the traffic prediction in dynamic BS mode switching scenario. Moreover, integrating relaying and BS cooperation into the energy saving framework to enhance coverage will be investigated.
